However, further increase PEO content to 0.3% will deteriorate device performance.
Introduction
Polymer solar cells have been attractive candidates for green energy sources due to their potential advantages of low cost and large area processing [1] [2] [3] [4] [5] [6] [7] . The bulk heterojunction structure composed of interpenetrating network of polymer donor and electron acceptor has greatly promoted the development of polymer solar cells [8] . In the past two decades, a large variety of polymer donor materials have been tested [9] [10] [11] [12] [13] [14] [15] . In contrast to polymer donors, the diversity of electron acceptors remains rather small. Both inorganic and organic electron acceptors are used, the latter are mainly fullerene derivatives [16] [17] [18] . Although power conversion efficiency (PCE) of polymer solar cells with these fullerene derivatives electron acceptors reached up to 9%, the complicated synthesis process and easy oxidation of fullerene in ambient still hinder their practical application [17] [18] [19] [20] . Alternatively, inorganic nanocrystals such as CdSe, TiO 2 and ZnO can be used as electron acceptors combined with polymer donor in hybrid solar cells, which exhibit higher electron mobility and ambient stability with low cost [21] [22] [23] [24] [25] [26] [27] .
Among these inorganic nanocrystals, ZnO is believed to be one of the most promising electron acceptors due to its environmental friendliness and low crystallization temperature. However, the intrinsic surface defects of ZnO nanocrystals make the final power conversion efficiency of hybrid solar cells lower than their fullerene based counterparts. These defects would trap photo-excited electrons, which not only enlarges series resistance (R S ) for electron transport and weaken electronic coupling with polymer donor in hybrid solar cells, but also results in severe back charge recombination due to the lower energy offset between the trap state and highest occupied electron orbit (HOMO) of polymer donor. Surface modification of ZnO surface using various organic molecules with functional groups is an effective way to passivate the surface traps [28, 29] . Currently, much attention has been paid to investigate the effects of surface modified ZnO as electron transport layer on polymer solar cells containing fullerene derivatives as electron acceptors. Hau et al. used a carboxylic acid functionlized fullerene to modify the surface of ZnO electron transport layer, which reduced the surface defects, improved electronic coupling of ZnO/organic layer and consequently improved the short circuit current density (J SC ) and fill factor (FF) of the device [28] . Hsieh et al. inserted a crosslinked fullerene between ZnO electron transport layer and active layer, which can also effectively passivate the shunts in ZnO film, restrain the back charge recombination and improve the device performance [29] . However, little efforts were paid to investigate the effects of surface modification of ZnO nanoparticles on bulk heterojunction hybrid solar cells based on polymers (as electron donor) and ZnO (as electron acceptor). The restrained trap-assisted recombination loss of carriers and reduced R S contribute to improved performance of bulk heterojunction hybrid solar cells.
Experimental

Synthesis of ZnO nanoparticles.
MEH-PPV was purchased from Canton OLEDKING Optoelectronic Materials Co.
Ltd. and PEO (weight average molecular weight (M w ) = 600 000) was purchased from BDH Chemicals.
ZnO was synthesized following the previous work [30] . 4 g of zinc acetate dihydrate (>99%) was dissolved in 160 mL methanol at 60°C under vigorous stirring. 
Fabrication of hybrid solar cells.
The device used in this work has a structure of ITO/PEDOT:PSS/poly[2-methoxy-5- 
Other characterization.
The thickness of MEH-PPV:PEO modified ZnO layer was measured using a Dektak Transient absorption measurements (TA) were carried out by a standard pump-probe setup. In brief: laser pulses (800 nm, 80 fs pulse length, 1 kHz repetition rate) were generated by a femtosecond laser system (Mai-Tai) with a regenerative amplifier (Spitfire, both Spectra physics). The pulses were converted by using an optical parametric amplifiers (Topas, Light conversion) to 440 nm (excitation) and 575 nm (probe). In order to construct transient absorption signal, every second excitation pulse is blocked. Hence the probe pulse intensity can be recorded by a photodiode for the excited and non-excited sample. Transient absorption measurements were carried out on MEH-PPV:ZnO films without electrolyte and electrodes, placed in the nitrogen atmosphere. The samples were excited by the photon flux of 5x10 12 photons/cm 2 (corresponds to ~ 2 µJ/cm 2 ). First of all, this reduces the interface area between MEH-PPV and ZnO domains, and consequently decreases the exciton dissociation efficiency due to a short exciton diffusion length (about 10 nm). To validate this assumption, PL spectra were recorded for the MEH-PPV:PEO modified ZnO films as shown in Fig. 6 . As can be seen, the quenching of the intrinsic emission from MEH-PPV by ZnO was obviously weakened when the PEO content is 0.3%, which indicates less interface area between MEH-PPV and ZnO for exciton dissociation. Secondly, the insulating PEO molecules may form a barrier layer restraining exciton dissociation and the charge transport between ZnO nanoparticles, which is evidenced by increased series resistance and reduced fill factor with PEO content up to 0.3%. Furthermore, pinholes are often produced within the rough active layer, which allow the evaporated aluminium atoms to be in direct contact with anode and consequently result in local shunting. The poor contact between cathode Al and the rough active layer is another possible reason for the shunts. These shunts in rougher active layer greatly reduced the R sh to 0.99 kΩ cm 2 and thus increased the recombination loss for the free carriers. Therefore, as the PEO content was increased up to 0.3%, the reduced exciton dissociation efficiency, the restrained electron transport and increased leakage current lead to reduced device performance.
Results and discussion
In order to investigate the effect of PEO addition on the charge transfer dynamics between MEH-PPV and PEO modified ZnO, we carried out transient absorption spectroscopy measurements. The observed signal (see Fig. 7 ) is dominated by the MEH-PPV absorption bleach, which reflects the concentration of the excitons in the polymer [33] . The pristine MEH-PPV films on glass, shows a longest exciton lifetime of 180 ps.
The exciton lifetime is sharply decreased when ZnO is incorporated into MEH-PPV matrix due to electron transfer from LUMO of MEH-PPV to that of ZnO. When PEO content is lower than 0.05%, similar exciton decay dynamics are observed for MEH-PPV:PEO modified ZnO blends. It indicates the charge transfer process is not influenced by small PEO content based on the fact these two films show similar surface morphology and microstructure. However, MEH-PPV:0.3%PEO modified ZnO film shows a prolonged exciton lifetime of 85 ps, which originates from inefficient exciton dissociation.
As previously discussed, the large phase separation between 0.3% PEO modified ZnO and MEH-PPV reduces the exciton dissociation efficiency. Besides, too much PEO content may also prohibit the electron transfer from MEH-PPV to ZnO. These lead to reduced J SC and FF of the device using 0.3% PEO modified ZnO as electron acceptor.
Conclusion
In conclusion, the effects of PEO modified ZnO as electron acceptor on the performance of hybrid solar cells composed of MEH-PPV and ZnO are investigated. It is found that the device using small amount of PEO (<0.05%) modified ZnO as electron acceptor shows considerably reduced series resistance and increased shunt resistance due to the passivated surface traps of ZnO electron acceptor. As a result, the device performance is improved due to favorable electron transport and restrained back charge transfer recombination. The optimum device using 0.05% PEO modified ZnO as electron acceptor shows a V oc of 0.86 V, a J sc of 3.84 mA/cm 2 , a FF of 0.51 and a PCE of 1.68%. 
